Dendritic molecules with oligo( p-phenylenevinylene) core branches and oligo(ethylene oxide) terminal chains were found to be highly susceptible to the singlet oxygen mediated photooxidation process. These photosensitive amphiphilic dendrimers were used as both the photo-reducing agent and particle stabilizer for the formation of gold nanoparticles in an aqueous solution of hydrogen tetrachloroaurate (III) hydrate (HAuCl 4 ·3H 2 O) at ambient atmosphere. Gold nanoparticles produced at high molar ratios of the amphiphilic dendrimer to HAuCl 4 (>0.5) were demonstrated to be stable for several months, whereas relatively large hexagonal/triangular gold single-crystal films and self-assembled hollow fiber clusters were observed at lower molar ratios of the amphiphilic dendrimer to HAuCl 4 .
Introduction
Metal particles are known to be useful for a wide range of applications. For instance, the use of silver particles in photography has been studied for generations [1] . The recent discovery of the size-/shape-dependent properties associated with nanoparticles generated considerable renewed interest in various metal nanoparticles [2] . One of the major techniques used for producing metal nanoparticles is the chemical reduction of metal salts in solution [3] . The solution reduction method has long been used to produce various shape-controlled metal nanoparticles, including Ag [4] , Fe [5] , Ge [6] , Cr [7] , Cu [8] , Pt [9] , and Au [10] . Among them, Au nanoparticles have been most widely investigated due to their unique optical, 1 Author to whom any correspondence should be addressed.
electrical and other properties [11] . Several synthetic routes have been devised to control the size and shape of gold nanoparticles [10] [11] [12] . Owing to its simplicity and versatility, the chemical reduction of gold (III) salts in a liquid phase using reducing agents, such as sodium borohydride, sodium citrate, hydrogen and alcohol derivatives, has been most widely studied [12, 13] .
Like most other colloidal particles [14] , the unprotected Au nanoparticles produced from the chemical reduction are normally unstable and show a strong tendency for aggregation. Therefore, some particle stabilizer(s) need to be added into the reduction medium to avoid undesirable aggregation. Particle stabilizers, typically having a portion of their molecular structure anchored (either chemically or physically) on the nanoparticle surface with the remaining part dan-gling into the solvent, include thiols [15] , surfactants [16] , polymers [17, [20] [21] [22] , and dendrimers [18] . Certain macromolecules, such as amine-terminated poly(propyleneimine) dendrimers [19] , π-conjugated polymer [20] , poly(ethylene glycol) (PEO) [21] , and poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) block copolymer [22] , have been shown to act as not only the particle stabilizer for preventing nanoparticles from aggregation but also the reducing agent for the nanoparticle formation. The use of such dual-function materials can effectively eliminate by-product generation from the reducing agent in the multi-step nanoparticle preparation associated with the more conventional reduction process. In addition to the chemical reduction of metal salts with reducing agents, various synthetic strategies like thermal [23] , photochemical [24] , sonochemical [25] , and electrochemical [26] approaches have also been developed for the preparation of nanoparticles. Among them, the photochemical approach is of particular interest as it is very convenient, energy saving and environmentally friendly.
On the other hand, conjugated poly( p-phenylene vinylene) (PPV), oligo( p-phenylene vinylene) (OPV), and their derivatives have attracted a great deal of interest as a class of the most promising optoelectronic materials since the first report of electroluminescence from PPV in 1990 [27, 28] . In this context, we have previously reported the preparation and aggregation of amphiphilic light-emitting dendrons consisting of hydrophobic oligo( p-phenylene vinylene) core branches and hydrophilic oligo(ethylene oxide) terminal chains [29] . Like most other conjugated structures, PPV moieties are susceptible to photooxidation [30] . As a consequence, singlet oxygen species were generated through a non-radiative decay process by energy transfer from the photo-induced triplet excitons to surrounding oxygen molecules [31] . The singlet oxygen electrophile thus produced can then cause chain scission of the electron-rich conjugated segments to produce α-hydroxy methyl radicals [32] , which can act as a reducing agent (vide infra). In this paper, we report the dual function of a class of recently synthesized dendritic molecules with hydrophobic oligo( p-phenylene vinylene) core branches and hydrophilic oligo(ethylene oxide) terminal chains as both the photo-reducing agent for gold nanoparticle formation and the protecting agent for stabilizing/controlled self-assembling of the resultant gold nanoparticles.
Experimental details
Scheme 1 shows the synthetic procedures for preparing the dendritic molecules of oligo( p-phenylene vinylene) core branches and oligo(ethylene oxide) terminal chains (designated as Den 20, Den 30, and Den 40) used in the present study. The detailed synthesis and characterization has been reported elsewhere [33] . Briefly, we synthesized the core structures (1, 2, 3, scheme 1) by Wohl-Ziegler bromination of hydrocarbon moieties with N -bromosuccinimide, followed by reaction with triethyl phosphite according to the reported procedure [34, 35] . The aldehyde-functionalized periphery 4 (scheme 1) was synthesized via the Mitsunobu reaction between 3,5-dibromobenzaldehyde and tri(ethylene glycol) monomethyl ether, as we reported earlier [29] . Finally, the Horner-Wadsworth-Emmons coupling reaction was used to
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Procedures for the synthesis of the amphiphilic dendrimers with oligo( p-phenylene vinylene) core units and oligo(ethylene oxide) terminal chains.
attach the aldehyde-functionalized periphery 4 onto the respect core structures (1, 2, and 3), resulting in the formation of Den 20, Den 30 and Den 40 (scheme 1). The dendritic molecules thus prepared show strong fluorescent emission originating from the OPV core branches whilst their oligo(ethylene oxide) terminal chains impart a good solubility for the whole dendritic molecule in water and common organic solvents (e.g. ethanol, chloroform, Tetrahydrofuran (THF)).
HAuCl 4 ·3H 2 O was purchased from Alfa Aesar. Deionized ultra-filtered water from Fischer Scientific Co. was used for all preparations, and all glassware was cleaned with aqua regia prior to use. In a typical experiment, gold nanoparticles were synthesized by adding 0.2 ml of 8.13 × 10 −4 mol l −1 HAuCl 4 ·3H 2 O solution to approximately 1.8 ml of an aqueous solution of each of the dendrimers at a predetermined concentration in a quartz cuvette at room temperature under the ambient laboratory white light or dark.
Ultraviolet-visible (UV-vis) spectra were measured using a Perkin-Elmer Lambda 900 UV/VIS/NIR spectrometer while photoluminescence spectra were recorded on a Perkin-Elmer LS 55 spectrometer. Transmission electron microscopy (TEM) and electron diffraction (ED) were performed on a Hitachi H-7600 transmission electron microscope at an accelerating voltage of 100 kV. TEM samples were prepared by dropping a droplet of the as-synthesized gold nanoparticle solution onto a carbon-coated copper grid (200-300 mesh, Ted Pella) and dried at ambient atmosphere. Scanning electron microscopy (SEM) images were taken on a Hitachi S-4800 high resolution scanning electron microscope.
Energy-dispersive x-ray analysis (EDX) for drop-cast gold nanoparticles on a Si wafer was performed on a Zeiss EVO-50XVP environmental SEM instrument equipped with an EDAX detector and Genesis 2000 software. −5 mol l −1 , respectively. The inset of (a) shows an enlarged view of the absorption band over 535 nm. Note that the normal laboratory white light was used and all experiments were carried out at room temperature.
Results and discussion
Figures 1(a) and (b) show the time evolution of UV-vis absorption spectra for a mixture solution of HAuCl 4 ·3H 2 O and Den 40 in water under light and in the dark, respectively. As can be seen in figures 1(a), a strong absorption peak at ∼320 nm attributable to Den 40 was observed before exposure to light. Photo-irradiation caused a continuous decrease in the absorption intensity corresponding to the Den 40 absorption peak, which was accompanied by the appearance of a new absorption band centered at 535 nm with a steady increase in its peak intensity. The newly observed absorption band arises from the characteristic surface plasmon band of gold nanoparticles due to the collective oscillation of electron gas at the nanoparticle surface [36] . Therefore, the appearance of the surface plasmon band reveals the generation of gold nanoparticles in the HAuCl 4 ·3H 2 O and Den 40 mixture system under light.
In view of the oxygen biradical and α-hydroxy methyl radical produced by the above photo-degradation reactions [32] , we envisioned that the formation of Au nanoparticles in the present study resulted from the reduction of Au 3+ ions by the photo-generated reducing agent of α-hydroxy methyl radicals. 
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The above scenario was supported by a control experiment with the same aqueous solution of HAuCl 4 ·3H 2 O and Den 40 having been kept in the dark, which showed no obvious change in UV-vis absorption ( figure 1(b) ). Additional control experiments were performed, where the pure Den 40 solution was kept under light ( figure 1(c) ) and in the dark ( figure 1(d) ), respectively. While figure 1(c) shows similar changes as figure 1(a) , but without the appearance of the characteristic surface plasmon band for gold nanoparticles, figure 1(d) reveals no obvious change in UV-vis absorption. The difference seen in figures 1(c) and (d) clearly indicates, once again, the photo-degradation of Den 40.
Further evidence for the photo-induced formation of gold nanoparticles in the presence of Den 40 comes from UV-vis absorbance measurements on aqueous solutions of HAuCl 4 ·3H 2 O and Den 40 with different ratios of HAuCl 4 to Den 40 at a constant Den 40 concentration under light. Figure 2 (a) clearly shows a red-shift and broadening effect for the surface plasmon resonance band with increasing HAuCl 4 ·3H 2 O concentration. As the nanoparticle plasmon resonance absorption depends strongly on the particle size [36] [37] [38] , the directly proportional relationship between the surface plasmon resonance wavelength and the HAuCl 4 ·3H 2 O concentration shown in figure 2(b) indicates a gradual size increase for the resultant gold nanoparticles with increasing HAuCl 4 ·3H 2 O concentration. A concomitant increase in the population of nanoparticles with different sizes broadened the particle size distribution, leading to relatively broad UV-vis spectra for solutions of higher HAuCl 4 ·3H 2 O concentrations ( figure 2(a) ). . The corresponding SEM image under a higher magnification given in figure 3 (b) reveals a polyhedral geometry, with an average size of about 20 nm for the gold nanoparticles. These gold nanoparticles were found to be stable in the aqueous phase even for several months without precipitation, due, most probably, to adsorption of the residual dendrimers and/or photodegraded dendritic fragments on some of the facets of the polyhedral gold nanoparticles. The energy dispersive x-ray analysis (EDX) of gold nanoparticles on a silicone substrate ( figure 3(c) ) showed a strong Au signal, along with weak carbon and oxygen peaks originating from the amphiphilic dendritic moieties that bound to the surface of the gold nanoparticles. The adsorbed peripheral OPVs (oligo( pphenylenevinylenes) should play a role in assembling of the resultant gold nanoparticles (vide infra), apart from stabilizing of the nanoparticles [39, 40] .
The possibility for the peripheral OPV-regulated selfassembling of the gold nanoparticles was checked by photoluminescence (PL) measurements. Figure 4 shows the time dependence of PL spectra for an aqueous mixture solution of HAuCl 4 ·3H 2 O and Den 40 under light ( figure 4(a) ) and in the dark ( figure 4(b) ). Similar changes as in the UV-vis spectra (cf figures 1(a) and (b)) were observed for the PL spectra. The observed continuous decrease in the PL emission intensity with time for the aqueous mixture solution of HAuCl 4 ·3H 2 O and Den 40 under light ( figure 4(a) ) indicates, most probably, the formation/aggregation of Au nanoparticles, leading to intermolecular photoluminescent quenching for the surface-bonded amphiphilic dendritic moieties. The nanoparticle aggregation could also force the surface-bonded amphiphilic dendritic moieties to adopt a more compact molecular conformation. This, together with the photo-induced chain scission, is responsible for the blue-shift in the PL spectra seen in figure 4(a) .
In contrast, figure 4(c) shows an initial increase in PL emission intensity for an aqueous solution of pure Den 40 under light, which, once again, suggests photo-induced chain scissions to produce more chromophore centers. Further exposure to the ambient light caused a subsequent decrease in PL emission intensities ( figure 4(c) ) due to the substantial degradation at the late stages. As expected, the massive scission of conjugated segments is accompanied by a blueshift in the PL peak. No obvious change in PL spectra was observed for the same aqueous solution of pure Den 40 in the dark ( figure 4(d) ), in consistence with the UV-vis measurement ( figure 1(d) ). Similar changes in UV-vis and PL spectra were observed for Den 20 and Den 30, with and without the presence of HAuCl 4 .
To further study the peripheral OPV-induced stabilizing/ self-assembling of the gold nanoparticles, we proceeded to examine the stability of gold nanoparticles formed in aqueous solutions with different ratios of Den 40 to HAuCl 4 at different component concentrations under light. We found that the gold nanoparticles prepared at a relatively high ratio of Den 40 to HAuCl 4 (>0.5, figure 3 ) are very stable in the preparation solution without any precipitation for several months. However, a large amount of dispersed polyhedral ultrathin single crystals (figure 5), such as those produced by electrochemical syntheses of gold nanoparticles in the presence of poly(N -vinylpyrrolidone) (PVP) [41] , were found to coexist with precipitated ribbon-like microfiber clusters (figure 6) in the aqueous solutions of Den 40 and HAuCl 4 ·3H 2 O at a relatively low ratio of Den 40 to HAuCl 4 (<0.5). The We have also found that the relatively large gold nanoparticles aggregated into interesting ribbon-like microfibers (about 1-4 μm in diameter, figure 6(a)) with a large number of gold nanoparticles (about 50 nm in diameter) aggregated on the fiber surface ( figure 6(b) ). Furthermore, the cross-sectional SEM image shows a hollow structure for the self-assembled fibers. In view of previous work on wire-/ribbon-like assemblies formed by certain nanoparticles and conjugated polymers [42] , we envisaged that it is the selective adsorption of the conjugated dendritic moieties onto specific crystal faces of the gold nanoparticles (supra infra) that generates the dipolar moment required for self-assembling of the nanoparticles into the observed microfibers [43] , though some further work is needed to understand the detailed mechanism governing the hollow microfiber formation. These newly formed gold nanoparticle self-assemblies stabilized with optoelectronic active dendritic segments with peculiar structures (e.g. hollow tubes) could spur unforeseen effort in the field.
Conclusions
In summary, we have demonstrated a new synthetic approach for the preparation of gold nanoparticles at ambient temperature by the photo-induced reduction of Au 3+ ions in the presence of HAuCl 4 ·3H 2 O and amphiphilic dendrimers with oligo( p-phenylenevinylene) core branches and oligo(ethylene oxide) terminal chains. Optical absorption and photoluminescent emission spectroscopic measurements, together with SEM and TEM studies, revealed that the formation of Au nanoparticles in the present study resulted from the reduction of Au 3+ ions by α-hydroxy methyl radicals photo-generated from the amphiphilic dendrimers. Both the concentration and molar ratio of the amphiphilic dendrimer to HAuCl 4 ·3H 2 O played important roles in regulating the size/shape of the resultant nanoparticles and their subsequently self-assembled structures. In particular, it was shown that stable aqueous colloids of gold nanoparticles formed at high molar ratios of the amphiphilic dendrimer to HAuCl 4 (>0.5) whereas relatively large gold single-crystal films and self-assembled hollow fiber clusters were prepared at lower molar ratios of the amphiphilic dendrimer to HAuCl 4 . This newly developed simple, but versatile, approach could offer a wide range of potential possibilities for synthesizing various size/shaped controlled metal nanoparticles and their assemblies.
